Based on an inverse transform method originally developed by Chandley and modified by us in the present work, we show that the height-height correlation function of a rough Si surface can be obtained directly from a single intensity distribution profile of light scattering. A novel diode array detectors arrangement was used to obtain the intensity profile. The roughness parameters, including the interface width, lateral correlation length, and roughness exponent were extracted from the height-height correlation function and were compared with that obtained by an atomic force microscope.
Recently there has been intense interest in the study of statistically rough surfaces which are generated in processes such as the growth of thin films.
1,2 Theoretical understanding of these rough surfaces has been pursued based on a scaling hypothesis. The surface is described by a height-height correlation of the form
where f (x)ϭx 2␣ for xӶ1, and f (x)ϭ1 for xӷ1. The function h(r) describes the height of the surface at lateral position r. ␣ is called the roughness exponent, wϭ͕͓͗h(r) Ϫ͗h͔͘ 2 ͖͘ 1/2 is the interface width, and is the lateral correlation length. Thus the surface morphology is completely characterized by these three roughness parameters, w, , and ␣.
Experimentally the most direct method to quantitatively obtain these three roughness parameters is to measure the height-height correlation of the surface using real-space imaging techniques. Examples of real-space imaging are scanning tunneling microscopy ͑STM͒, atomic force microscopy ͑AFM͒, secondary electron microscopy ͑SEM͒, transmission electron microscopy ͑TEM͒, and optical imaging techniques. Diffraction techniques such as electron diffraction, x-ray diffraction, atom diffraction, and light scattering, are also useful in the quantitative study of the surface morphology.
3 One can obtain these three roughness parameters by analyzing the diffraction profiles ͑the angular distribution of diffraction intensity͒. But the measurement and analysis are very often quite elaborative. For example, to extract the value ␣ of a rough surface from light scattering, 4 one needs to measure many diffraction profiles ͑specular reflection͒ for a wide range of diffraction geometry by changing the incident angle. This limits the temporal resolution of the measurement and prevents one from obtaining quantitative information of the surface morphology in real time.
In this letter, we show that the real-space height-height correlation of a statistically rough surface can be obtained directly from a single intensity distribution profile from light scattering at a suitable diffraction geometry using an inverse Fourier transform method pioneered by Chandley. 5 We used an array of photodiode detectors to obtain the scattered angular profile from a rough Si surface in a few hundredth of a second. The height-height correlation function was extracted from the profile and the results were compared with that obtained by an AFM image.
The light source was a He-Ne laser with wavelength ϭ6328 Å. The sample was mounted on a rotational stage where the incident angle could be changed ͓Fig. 1͑a͔͒. The scattered light passed through a lens with a focal length fϭ12.5 cm. The detector array was positioned at the focal plane of the lens, and Fig. 1͑b͒ shows the in-plane scattering geometry used in this experiment. The detector array was controlled by an optical multichannel analyzer ͑OMA͒. space was 25ϫk/ f ϳ2ϫ10 Ϫ7 Å Ϫ1 , where kϭ2/. However, the length of each diode was 0.25 cm. It is quite large compared with the spacing between adjacent diodes. This corresponds to a resolution of 2ϫ10 Ϫ5 Å Ϫ1 in k space. Each diode acted like a ''slit'' detector. Also, the ratio of the linear dimension of the detector array L and the focal length f of the lens determined the collection angle. This angle dictated the range of k ʈ , the momentum transfer parallel to the surface, that could be obtained in the measurement of a single profile, ⌬kϳkL/ f ϭ2ϫ10 Ϫ4 Å Ϫ1 . This defined the size of the window in the angular profile measurement. Each scattering profile was obtained within 30 ms which could not be achieved if a conventional light detection scheme was used. 6 To illustrate the method, a light-scattering profile from the back side of a Si wafer at an incident angle of ϭ70°is shown in Fig. 2 . As is well known, the profile from a statistically rough surface contains a ␦-function-like peak sitting on a diffuse, broad profile.
3,6 In Chandley's 1976 paper, 5 he suggested an inverse transform technique to obtain the autocorrelation function C(r)ϭ͗h(r)h(0)͘ directly from the scattering profile in the limit of ӷw:
where S is the measured profile, and ⍀ϵ(k Ќ w) 2 . k Ќ and k ʈ are momentum transfers perpendicular and parallel to the sample surface, respectively. k Ќ ϭ(4/)cos and k ʈ ϭ(2/)sin ␥, where and ␥ are the incident angle with respect to the normal of the surface and the in-plane scattering angle, respectively. If we assume a slit detector for an isotropic surface, the integration becomes a one-dimensional problem along the array of detector diodes. Aϭ1/ ͐S(k Ќ ,k ʈ )dk ʈ so that C(r) is normalized such that C(0) ϭ1. The height-height correlation function is directly related to the autocorrelation: H(r)ϭ2w 2 ͓1ϪC(r)͔. Therefore H(r) can also be obtained from the measured profile directly.
The autocorrelation function C(r) obtained from the measured profile using this strategy ͓Eq. ͑2͔͒ is shown as the dotted curve in Fig. 3 and the height-height correlation function H(r) as the dotted curve in Fig. 4 . The oscillation behavior shown in the curve is due to the truncation of the measured profile in the k space. The limited range ⌬k that one can use from a detector array leads to this truncation effect. One can reduce this effect by extrapolating the wings of the profile using, for example, a Lorentzian tail in the intensity profile. However, this would not alter the main conclusions we draw on the determination of the rough parameters. In Fig. 4 , the height-height correlation is plotted in a log-log scale so that the slope in the region rϽ is equal to 2␣. The lateral correlation length is defined as the position where the curve begins to level off ͑as indicated by the arrows shown in Fig. 4͒ . For rӷ, the height-height correlation function approaches 2w 2 asymptotically. To extract w and from the curve, one can use either visual inspection, or a fitting procedure. We choose to use a function of the form H(r)ϭ2w form method. However, there is some discrepancy in the values of w and . One possible source of the discrepancy may come from the fact that the condition ӷw for which Eq. ͑2͒ is based upon, does not strictly hold in the present case. In fact, a formula can be derived based on the Kirchhoff approximation and Gaussian distribution of the surface height without the restriction of ӷw:
For ӷw, ⍀Ӷ1, and Eq. ͑3͒ reduces to Eq. ͑2͒. Using Eq. ͑3͒, we obtained the functions C(r) and H(r) from the data presented in Fig. 2 and are shown as the dashed curves in Figs. 3 and 4 , respectively. The roughness parameters extracted were: wϳ1870 Å, ϳ4.75ϫ10 4 Å, and ␣ϭ0.99. The extracted values of w and are closer to the values obtained from the AFM scan ͓as compared to that extracted using Eq. ͑2͔͒. A summary of the parameters extracted using Eqs. ͑2͒ and ͑3͒, and the comparison with the results obtained from the AFM scan is shown in Table I .
The limitation of Eq. ͑3͒ mainly lies in the Kirchhoff approximation, which requires that the correlation length should be much larger than the wavelength , and the local curvature of the surface should be small, i.e., ӷ, and w Ӷ. 8 There is no additional requirement between w and . Furthermore, the resolution as well as the length of the diode array determine the range of we can measure ͑from 1.0 to 1000.0 m͒. The dynamic range and signal-to-noise ratio of the diode array also affect an accurate determination of w and . But these rely on the design of the instrument.
In conclusion we have shown that it is possible to obtain the real-space height-height correlation function and the roughness parameters, including the roughness exponent, of a rough surface using an inverse transform technique derived by Chandley and modified in the present work. It is also shown that using an array of photodiode detectors, one can obtain a scattering profile much faster than that achieved using a conventional light detector. This new method opens up the possibility of quantitative, real-time monitoring of a rough surface during processing.
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